Abstract-In this paper, we develop a statistical geometric propagation model for a macrocell mobile environment that provides the statistics of angle-of-arrival (AOA) of the multipath components, which are required to test adaptive array algorithms for cellular applications. This channel model assumes that each multipath component of the propagating signal undergoes only one bounce traveling from the transmitter to the receiver and that scattering objects are located uniformly within a circle around the mobile. This geometrically based single bounce macrocell (GBSBM) channel model provides three important parameters that characterize a channel: the power of the multipath components, the time-of-arrival (TOA) of the components, and the AOA of the components. Using the GBSBM model, we analyze the effect of directional antennas at the base station on the fading envelopes. The level crossing rate of the fading envelope is reduced and the envelope correlation increases significantly if a directional antenna is employed at the base station.
I. INTRODUCTION
T HE RECENT tremendous growth in wireless communications has led to crowding of the radio spectrum. Traditionally, cell splitting has been employed to cope with the increase in the number of users in a cellular system, but cell splitting is expensive and requires reconfiguring the cellular network. Therefore, adaptive arrays are currently being investigated for cellular and personal communications to increase the capacity of a cell. Various adaptive array algorithms have been proposed for cellular applications [1] - [3] . To test these algorithms using simulation, statistical channel models, which provide the angle-of-arrival (AOA) and time-of-arrival (TOA) of the multipath components, are required. The performance of adaptive array algorithms can significantly differ depending on the channel condition, and hence a realistic channel model is required.
Classically, dense scattering is viewed as leading to a Rayleigh fading phenomenon for narrowband signals [4] . This model (Clarke's) assumes that the signals arrive horizontally at the receiver antenna and uniformly along the azimuthal coordinate. Aulin proposed a channel model [5] that takes into account the elevation coordinate and that assumes uniform AOAs along the azimuthal coordinate. Aulin's model is appropriate to model fading at a mobile unit because scatterers are located close to the mobile and are of different heights. Liberti and Rappaport [6] developed a statistical channel model for microcells called the geometrically based single bounce (GBSB) model. The GBSB model assumes that the scatterers lie in an ellipse which encompasses the transmitter and the receiver.
In this paper, we develop a statistical channel model for macrocells called the geometrically based single bounce macrocell (GBSBM) 1 channel model that assumes that multipath reflection is caused by scatterers located close to the mobile. From this model, the probability density function (pdf) of the AOA along the azimuth can be computed. The assumption that the plane waves arrive horizontally is valid for the macrocellular environment since the distance between the mobile and the base station is larger than the difference between the height of the base station antenna and the scatterers around the mobile unit.
Section II discusses the GBSBM channel model and the derivation of the pdf of AOA of the multipaths at the base station from a mobile surrounded by scatterers. Comparison of the theoretical and simulated results of the pdf of the AOA of the multipath components is also presented in this section. Section III relates the angle spread to the parameters in the GBSBM model, and in Section IV the parameters of the model are related to the delay spread. The effect of directional antennas at the base station is analyzed in Section V. The Doppler spectrum obtained when using directional antennas at the base station is presented in Section VI and compared to that obtained using Clarke's model. Fading statistics, i.e., level crossing rate (LCR) and correlation function of the fading envelope, are presented in Section VII. Section VIII presents the conclusions. (GBSBM) CHANNEL MODEL AND THE PDF OF THE  AOA OF THE MULTIPATHS AT THE BASE STATION Here we introduce the GBSBM channel model and derive the pdf of the AOA of the multipath components in a macrocell at 1 The acronym GBSBM was derived from Liberti's channel model. • The signals received at the base station are assumed to be plane waves arriving from the horizon, and hence the AOA calculation includes only the azimuthal coordinate.
II. GEOMETRICALLY BASED SINGLE BOUNCE MACROCELL
• The scatterers are assumed to be uniformly distributed within a circle around the mobile.
• We use the same assumption as in [7] , where each scatterer is assumed to be an omnidirectional reradiating element whereby the plane wave, on arrival, is reflected directly to the mobile receiver antenna without the influence from other scatterers.
• The scatterers are assigned equal scattering coefficients with uniform random phases. Fig. 1 illustrates the GBSBM channel model. The base station is marked as and is the mobile unit. The base station and the mobile unit are separated by a distance . The location of the scatterer is marked as . The scatterers are assumed to be uniformly located around the mobile inside a circle of radius . Since the scatterers are confined to a circle around the mobile, the AOA of the multipath components at the base station is restricted to an angular region of . The maximum angle of the arrival of the multipath component is given by
In Fig. 1 , let us consider the strip between and . Since the scatterers are assumed to be uniformly distributed within the scattering circle, the area within the strip is proportional to the probability of the AOA of the multipath components. The AOA, , line meets the scattering boundary around the mobile, , at and at . Let the length of the line segment be and be . The scattering boundary around the mobile can be expressed as (2) where is the length of the line from to the circle, and this line makes an angle degrees with . From (2), can be expressed as (3) Therefore, , and . Since the scatterers are assumed to be uniformly distributed within the scattering cell, the density of the area within the circle of radius is given by (4) The area within the strip, , formed by and can be shown using calculus to be (5) Using this result, the cumulative distribution function (cdf) of the AOA, , can be expressed as (6) The pdf of the AOA, , is the derivative of the cdf with respect to and is given by (7) which can be reduced to (8) Therefore, the pdf of the AOA of the multipath components is given by otherwise.
Let us now validate the above theoretical model using simulation. The true pdf in (9) is evaluated for a test case where the distance of separation between the base station and the mobile unit is 10 km. The scatterers are uniformly located within a circles of radii 0.5, 1, and 1.5 km. Simulated normalized histograms are generated by creating uniformly located scatterers around the mobile, and for each location of the scatterer, the AOA of the signal at the base station is calculated. The histogram for the AOA is then calculated by carrying out 10 000 Monte Carlo trials. The normalized histograms and the theoretical pdf are plotted in Fig. 2 . The simulated histograms closely match the theoretical pdfs. The pdf derived in this section can be used to simulate a power-delay-angle (PDA) profile and to quantify angle spread and delay spread for a given ratio. 
III. ANGLE SPREAD
Using the model derivation in Section II, here we relate angle spread to the parameters in the model. Due to scattering, multipath components arrive at angles different from the direct component, and angle spread is a measure used to determine the angular dispersion of the channel. A measure for angle spread, , based on the central moment is defined [6] as (10) where is the power and is the AOA of the th multipath component arriving at the base station. Here we have not included the direct component. The angle spread based on the central moment is a measure of the spread of the multipath components (other than the direct component), and it gives a measure to which multipaths can be reduced using directional antennas.
The GBSBM model predicts that the range of AOA of the multipaths from the mobile is restricted. To eliminate the interfering multipaths at the base station directional antennas, whose beamwidths are smaller than the range of the AOA of the multipaths, are needed. A sectorized antenna of 120 may mitigate the effects of interference but not the effects of multipaths from the desired user that are caused by the local scatterers around the desired mobile unit. Finer beams are necessary at the base station to achieve multipath rejection. But a directional antenna at the mobile can significantly reduce multipath interference because the AOA of the multipaths from the base station is as- sumed to be arriving uniformly from all directions around the mobile.
Let us define as the ratio of the radius of the scattering circle to the distance between the base station and the mobile unit. In the limiting case, can take a maximum value of 1. Angle spread as a function of is shown in Fig. 3 . is maintained at 10 kms and is varied. As the ratio of increases, the angle spread increases linearly. Also as the number of multipath components increases, the angle spread also increases. It has also been found 2 that the angle spread is independent of path loss exponent, because the scatterers are located closer to the mobile.
IV. DELAY SPREAD
Here we characterize the delay spread of the channel in terms of the parameters of the GBSBM model. Delay spread is a measure of time dispersion of the channel. A measure based on the central moment is the square root of the second central moment of the power delay profile, defined as (11) where is the power and is the delay of the th multipath component arriving at the base station. We now calculate the central moment delay spread as a function of . Similar to the angle spread, as the ratio of increases, the delay spread increases linearly. the Doppler spectrum, we have to characterize the AOA of the multipath components at the mobile when a directional antenna is used at the base station. Fig. 5 illustrates the condition when a flat-top directional antenna with unity gain and beamwidth is used at the base station. If , then the base station antenna will illuminate all the scatterers, and hence the pdf of the AOA at the mobile is uniform. But, if , then the base station antenna will partially illuminate the scatterers, and hence the pdf of the AOA of the multipath components at the mobile will not be uniform. Here we derive the pdf of the AOA when a directional antenna is used at the base station, and the Doppler spectrum is then derived.
In Fig. 5 , the scatterer's region EFGHIJ is illuminated by the base station antenna. Let us now derive the pdf of when . Let us consider only the region EFGMJ where because the same holds true for the region GHIJM, where . Let us divide the region EFGMJ into three distinct regions, JEM, EFM, and FGM. The value of and marks the three regions. The pdf of the AOA can be derived by computing the area within a thin strip (shaded region) shown in Fig. 5 . The area ( ) within a strip (shaded region in Fig. 5 ) between and can be shown using calculus to be
where the value of for the three regions can be shown to be Since the scatterers are uniformly distributed within the region EFGHIJ, the density of the area within the region is the reciprocal of the area within the region. The area ( ) within the region EFGHIJ can be expressed as
The area density is given by (18) Using (12), (13), and (18), the cdf of the AOA, , for the region can be expressed as (19) where is a dummy variable. For the regions and , the cdf is given by (20) The pdf, the derivative of the cdf, can then be expressed as shown in (21) at the bottom of the page where and are given by (16) and (17). Fig. 6 validates the theoretical pdf developed in this section. Let us consider a test case where km and km, therefore degrees. If a flat-top beam with unity gain and beamwidth of 10 degrees is used at the base station, then the theoretical pdf is evaluated using (21) and shown in Fig. 6 . To obtain the normalized simulated histogram for the AOA, scatterers are uniformly created around the mobile, and from the scatterers that are illuminated by the beam, the histogram of the AOA at the mobile is computed. The nor- malized histogram is also shown in Fig. 6 . It can be seen that simulated normalized histogram fits closely with the theoretical pdf curve.
VI. DOPPLER SPECTRUM
Here we use the pdf of the AOA derived in Section V to derive the Doppler spectrum. The received signal at the mobile experiences Doppler spread due to the motion of the receiver. Fig. 7 illustrates the condition when the mobile is moving at an angle of with respect to the direct line-of-sight (LOS) component. The th multipath component arrives at the mobile at an angle of with respect to the LOS component. The multipath components at the receiver experience Doppler shift depending on the direction of the motion of the mobile. The th multipath component experiences a Doppler shift given by (22) where is the maximum possible Doppler shift, which is given by , is the velocity of the mobile, and is the wavelength of the carrier signal. Let the received signal be . The Doppler spectrum was shown in [6] where and is the pdf of the distribution of the Doppler frequency. Assuming an omnidirectional antenna at the receiver, it was shown in [6] that is given by (24) where is the pdf of the AOA of the multipath components at the mobile unit. Therefore, the power spectral density is given by [8] (25)
If the AOA of the signal at the mobile is uniform, then the Doppler spectrum is given by Clarke's model [8] as (26) If a directional antenna is used at the base station, then the pdf of the AOA of the multipath components is given by (21). Substituting (21) into (25), the Doppler spectrum can be obtained when using a directional beam at the base station. Let us consider a test case where the mobile is traveling at a velocity of 54 km/h and a carrier frequency of 2 GHz is assumed. The maximum Doppler shift is 100 Hz. The radius of the scattering circle is 1 km, and the T-R separation is 3 km. The directional antenna has beamwidths: 2 , 10 , and 30 . For the above parameters, the range of AOA of the multipath components ( ) is 38.9 . Two different directions of motion of the mobile are considered: and . Fig. 8(a) and (b) show the Doppler spectrum for and , respectively. For , the spectrum is skewed to the right, i.e., more negative Doppler frequency components than positive frequency components. This is because, when the mobile is moving in the direction of the LOS component toward the base station [see Fig. 9(a) ], the positive Doppler frequency components result from the scatterers located in the region marked and the negative Doppler frequency components from region . Since the area of the region is larger than the area of the region , there are more negative Doppler frequency components than positive frequency components in the Doppler spectrum. For , the spectrum is symmetrical about the zero Doppler frequency component. When the mobile is moving in a direction perpendicular to the LOS component [see Fig. 9(b) ], the area of the region is equal to the area of the region , therefore the Doppler spectrum is symmetrical about zero Doppler frequency.
Both for and 90 , from Fig. 8(a) and (b), the Doppler spread decreases significantly as the beamwidth of the antenna reduces. As the beamwidth reduces, the antenna is able to mitigate multipath components with large AOAs, hence the reduction in the Doppler spread, which translates to slow variation in the fading envelopes. For larger beamwidths, the Doppler spectrum tends toward the U-shaped Clarke's spectrum because the pdf of the AOA at the mobile tends toward the uniform distribution.
VII. FADING STATISTICS
In this section, we quantify the effects of using a directional antenna at the base station on the fading envelopes in terms of level crossing rate and correlation function. We consider the case when and the ratio is 3. The directional antenna at the base station has beamwidths 2 and 10 . The level crossing rate and the correlation characteristics of the fading envelopes are measured at the base station with the directional antenna and compared to the Clarke's model or an omnidirectional case.
Using the Doppler spectrum developed in Section VI, we generate fading envelopes and then compute LCR and the correlation function. Fig. 10 shows the LCR plotted as a function of maximum Doppler frequency. Here the fading envelopes are normalized by their rms value and the number of level crossings are measured. The level used here is 1 and crossings are measured in the positive-going direction. The LCR increases linearly with increase in Doppler frequency. The directional antenna significantly reduces the LCR compared to the Clarke's model. For a maximum Doppler frequency of 100 Hz, a directional antenna with a beamwidth of 10 can reduce the LCR by approximately 40%, while a 2 antenna can reduce the LCR by 65% compared to the Clarke's method. Also, the slope of the LCR curve decreases as the beamwidth reduces. Fig. 11 is a plot of the correlation function of the fading envelopes generated using the model for beamwidths 2 and 10 and compared to the Clarke's model. The correlation of the fading envelopes increases as the beamwidth reduces due to the reduction in the Doppler spread.
VIII. CONCLUSION
In this paper, we have introduced a statistical geometric propagation model for a macrocell mobile environment. This channel model assumes that each multipath component of the mobile transmission undergoes only one bounce traveling from the transmitter to the receiver and that the scatterers are located uniformly within a circle around the mobile. This GBSBM channel model provides three important parameters that characterize a channel: the power of the multipath component, the TOA of the component, and the AOA of the components. This paper has presented a technique to generate such models for an arbitrary wireless system. The model shows that the angle spread and the delay spread increase linearly as the radius of the scattering circle increases. We have also analyzed the effect of a directional antenna at the base station on the Doppler spectrum. Significant reduction in the level crossing rate and an increase in correlation of the fading envelopes can be achieved by employing directional antennas at the base station.
